Summary: Using echo planar diffusion-weighted mag netic resonance imaging, we measured three-dimensional changes in the apparent diffusion coefficient (ADC) of water in eight contiguous coronal slices, encompassing the entire rat brain, before and after local cortical stimu lation. We applied chemical (potassium chloride applica tion; n = 6) and mechanical (needle stab; n = 4) stimu lations to the right posterior parietal rat cortex. In all animals in which potassium chloride or the needle stab was applied, a region of decreased ADC values to a mean of 0.45 ± 0.03 x 1O-5cm2/s occurred. These reduced ADC levels appeared in the posterior parietal cortex within 1 min after cortical stimulation and the change recovered within 1 min. Then a ripple-like movement of
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free fluid and sensitive to changes in cellular struc ture (Le Bihan, 1991) . It is now well established that this technique is quite sensitive to acute changes following cerebral ischemia that can be detected within minutes as an area with a decreased ADC value (Moseley et aI., 1990a,b; Benveniste et aI., 1992; Minematsu et aI., 1992a,b; Dardzinski et aI. , 1993) . Although the ADC decline has been thought to be due to intracellular water accumulation (cyto toxic edema) and membrane permeability changes (Moseley et aI. , 1990b; Helpern et aI. , 1992) , the exact mechanism remains unexplained. It is clear that these conditions that result from energy failure are not always a prerequisite for the ADC decline because similar ADC declines have been also re ported in different pathophysiological conditions such as status epilepticus (Zhong et aI., 1993) .
I
Spreading depression (SD) of Leao (1944 Leao ( , 1947 1951) represents a stereotyped response of the cen tral gray matter, elicitable by a number of chemical, mechanical, and electrical stimuli. Several lines of evidence suggest that SD or SD-like spontaneous depolarization occurs in cortical regions surround ing an acute ischemic lesion (Gill et aI., 1992; Iijima et aI., 1992; Nedergaard and Hansen, 1993 ; Bak et aI., 1994; Dietrich et aI., 1994) and may contribute to progression of the ischemic process (Gill et aI., 1992; Iijima et aI., 1992; Chen et aI., 1993) . A car dinal sign of SD is a spontaneously reversible fail ure of brain ion homeostasis accompanied by a de polarization of neurons and glial cells, which spreads across the cortical surface from its initia tion site as a wave with a speed of 2-5 mm/min (Marshall, 1959; Hansen and Zeuthen, 1981; Som jen et aI., 1992) . During SD, redistribution of ions and water occurs in the intra-and extracellular space. Potassium ion (K +) flows out of cells and sodium (Na +), chloride (CI-), and calcium (Ca2+) ions and water flow into cells, resulting in shrinkage of the extracellular space by 50% and cellular swell ing (van Harreveld et aI., 1967; Hansen and Olsen, 1980) . We hypothesized that the shift of tissue wa ter from the extra-to intracellular space during SD would restrict the translational movement of water molecules and cause a local decline in the ADC of water. The aim of this study was to demonstrate three-dimensional ADC changes after local cortical stimulation in the normal rat brain and to observe whether similar ADC changes occurred in distant regions of the focally ischemic rat brain.
MATERIALS AND METHODS

Surgical procedures and experimental groups
Normally fed male Sprague-Dawley rats weighing 300-370 g were anesthetized with an intraperitoneal injection of chloral hydrate (400 mg/kg). PE-SO polyethylene tubing was inserted into the left femoral artery for continuous blood pressure monitoring (Parametron 71S Monitor; Roche Medical Electronics, Cranbury, NJ, U.S.A.) and arterial blood gas sampling. A baseline blood gas analysis was performed using a 2S0-ILl sample of arterial blood (Corning 170 pH Blood Gas Analyzer; Corning. Mans field, MA, U.S.A.). Experiments were carried out only when the baseline physiologic parameters remained within the normal range. The normal range of mean arte rial blood pressure was set at 80-130 mm Hg, pH 7.2S-7.4S, Pac02 3S-S0 mm Hg, and Pa02 80-lS0 mm Hg. An imals were then divided into two experimental groups:
Group 1 (n = 10). To identify the three-dimensional ADC changes after various types of local cortical stimu lation, we obtained serial multi slice ADC maps every 30 s for 7.S min after chemical and mechanical cortical stim ulation of the intact rat brain. Animals were subdivided into two groups according to the type of stimulation, i.e., a KCl group (n = 6) and a needle stab group (n = 4).
In the KCl group, the frontoparietal cranium was ex posed by a midsagittal incision and a burr hole, 1.S mm in diameter, was made into the right parietal skull bone, O.S mm rostral and 2 mm lateral to the lambda. After the dura was excised using a 23-gauge needle, the burr hole was covered by a small polyethylene cup that was connected to two PE-SO polyethylene tubes. In each tube, 40 J-Ll of saline or 3 M potassium chloride (KC!) was stored for cortical application, which was accomplished in the mag netic resonance imaging (MRI) magnet by injection of 0.3 ml of air into the tubing. The head of the animal was fixed inside a lH "birdcage" imaging coil with a tooth bar and ear bars. To maintain the anesthetic state during the ex periment, 1% isoflurane delivered in air (1.S Umin) was inhaled through a face mask. The body temperature was continuously monitored via a rectal probe with 0.1 °C res olution (T-type thermocouple; Omega Engineering, Stam ford, CT, U.S.A.) and controlled at 37 ± OSC using a feedback-regulated heated air flow system that com pletely surrounded the animal. Initially, we investigated ADC changes after the topical application of saline as a control. Then, KCl was applied in the same animal and three-dimensional ADC changes were measured using the same MRI protocol as in the controls.
In the needle stab group, a burr hole, I.S mm in diam eter, was made into the right parietal skull bone O.S mm rostral and 2 mm lateral to the lambda. A specially equipped apparatus consisting of a small wooden needle and a polyethylene tube was put in the burr hole using dental cement. The head of the animal was fixed inside a I H "birdcage" imaging coil and 1 % isoflurane inhalation was initiated through a face mask. The body temperature was monitored via a rectal probe and controlled at 37°C using the feedback-regulated heated air flow system. Af ter the baseline blood gas analysis, a needle stab was accomplished in the MRI magnet to a depth of 1-4 mm by remotely pulling the thread attached to the wooden nee dle.
Immediately after completion of the MRI studies, all animals were given 400 mg/kg i.p. of chloral hydrate and decapitated. In the needle stab group, brains were re moved and cut coronally to inspect the brain damage and depth of the needle stab.
Group 2 (n = 12). In this group of animals, we inves tigated whether ADC changes similar to those demon strated in Group I were observed in regions distant to focal ischemia. Focal cerebral ischemia was induced by the intraluminal suture middle cerebral artery (MCA) oc clusion method (Koizumi et aI., 1986; Nagasawa and Kogure, 1989; Zea Longa et aI., 1989) . Briefly, the right common carotid and external carotid arteries were care fully dissected under the microscope. An intraluminal oc cluder, 30 mm of 4-0 monofilament nylon suture with its tip coated by silicon, was introduced through the right common carotid artery after ligation of the proximal por tion of the right common carotid and the external carotid arteries. The occluder was advanced intracranially -17 mm from the carotid bifurcation. Immediately after com pletion of the vascular occlusion, the head of the animal was fixed inside the imaging coil and 1 % isoflurane inha lation was initiated. Arterial blood pressure and body temperature were continuously monitored. Body temper ature was maintained at 37°C by means of a heated air flow system.
After the MRI protocol, the femoral catheter �as re moved and the animals were returned to their cages. Af ter 24 h, the animals were anesthetized with SOO mg/kg i.p. of chloral hydrate and decapitated. Brains were quickly removed and inspected to confirm that the MCA orifice was completely occluded by the intraluminal su ture and that no subarachnoid hemorrhage had occurred. The brains were sectioned coronally at 2-mm intervals. These slices were incubated for 30 min in a 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) at 37°C and fixed by immersion in a 10% buffered formalin solution. The unstained area was defined as infarcted tissue, and the percentage of infarct area was calculated using com puter-assisted image analysis of data acquired using a charge couple device camera (EDC-1000HR Computer Camera; Electrim Corp., Princeton, NJ, U.S.A.). We cal culated the corrected infarct volume to compensate for the effect of brain edema (Swanson et aI., 1990; Lin et aI., 1993) . Corrected infarct volume was calculated by multi plying the corrected infarct area by slice thickness. Cor rected infarct area was calculated by the following equa tion: corrected infarct area = left hemisphere area -(right hemisphere area -infarct area).
MR measurements
MR experiments were performed using a General Elec tric CSI-II 2.0-T/45-cm imaging spectrometer operating 85.56 MHz for IH and equipped with ±20-G/cm self shielding gradients. Pulsed field gradient molecular dis placement measurements were accomplished by encod ing the molecules with a spatially dependent phase, al lowing the system to evolve for a time t, and decoding to find the net displacement (Stejskal and Tanner, 1965) . For diffusive motion, the measured signal within a pixel of the image M[k,t] is given by the following:
(1) where k and t are controllable parameters of the MR ex periment and Mo is the measured signal at k = O. In our experiments, t = 37 ms was fixed and echo planar images with different values of k were acquired in each slice. Six b values, ranging from 43 to 1,567 s/mm, were used to determine the ADC (D APP ) of water. The D APP was then determined on a pixel-by-pixel basis using a nonlinear least-squares fitting of equation. Displacement encoding was along the z-axis (head to tail direction). We chose diffusion sensitization along the z-axis because the ana tomical variation of ADC values in axial brain slices mea sured along the z-direction is smaller than along the other directions. This allows a simpler interpretation of regional changes on the ADC map (Dardzinski et aI., 1993) .
ADC mapping was performed on eight contiguous axial slices encompassing the entire rat brain using 1.5-mm slice thickness, 25.6 x 25.6-mm field of view, and 64 x 64 pixel resolution. Scout images were obtained to locate the stimulation site on the eighth, most posterior slice using echo planar imaging. Total acquisition time was 25 s, and the multi slice ADC mapping was repeated every 30 s for 8.5 min in the KCl and needle stab groups. Thus, 17 sets of multi slice ADC maps were obtained, and the cortical stimulation in Group 1 was applied between the second and the third set of images. In the focally ischemic rats (Group 2), initial multislice ADC mapping was performed 13 min after the MCA occlusion for 8.5 min using the same MR protocol as Group 1 and follow-up multislice ADC maps to define the ischemic region were obtained 25 and 60 min after the occlusion. The ischemic lesion vol ume was calculated by multiplying the slice thickness and the area with ADC values of <0.55 x 10-5 cm2/s, be cause in a prior study we confirmed that this range of ADC values was correlated with postmortem infarction in this model (Dardzinski et aI., 1993) .
ADC pixel values below 0.55 x 10-5 cm2/s were con sidered to be abnormal, and the three-dimensional distri bution of such pixels was observed over time. This cutoff value was derived from the observation that all ADC pixel values measured along the z-axis were >0.55 x 10-5 cm2/s in the normal brain (Dardzinski et aI., 1993) . The propagation speed of the region with decreased ADC was calculated from the sequential ADC measurements in four cortical regions of interest (ROIs), 3 x 3 pixels in size, from the cortical slice in which the SD stimulus was applied.
Statistical methods
A nonpaired t test was applied to test the significant differences between lesion volumes at different time points. Linear least-squares regression analysis was per formed to correlate the ischemic lesion volume 60 min after MCA occlusion and corrected infarct volume mea sured by TTC staining. All values are presented as means ± SD. A two-tailed probability value of <0.05 was con sidered significant.
RESULTS
ADC changes after cortical stimulation (Group 1)
In all six animals subjected to topical saline ap plication, no laterality was observed between the two hemispheres. All pixel values in brain paren chyma remained above 0.55 x 10-5 cm2/s over time (Fig. IA) . After the KCI application, the multislice ADC mapping revealed an ADC decline in the cor tex ipsilateral to the stimulus in all animals. Within I min after the KCI application, a small region with decreased ADC values appeared in the parietal cor tex. Subsequently, a ripple-like movement of this region with decreased ADC values occurred over the ipsilateral cortex (Fig. IB) . This ADC change was clearly localized to the cortex and did not prop agate either to the subcortical structures, including the hippocampus, or to the contralateral hemi sphere. In the most posterior slice, which included the stimulation site, we observed a small region with decreased ADC values, which spread inferi orly along the cortex (Fig. lB) . The propagation time of the ADC change from the most posterior to the most anterior slice was 3-4 min, suggesting that the propagation speed was 3-4 mm/min (Fig. lB) . The same ADC changes were also observed after the needle stab stimulation (Fig. IC) . In 2 of 10 animals, a second wave of ADC change was seen during the observation period. The intervals be tween the two spreading ADC declines in these an imals were 3 and 4 min.
The sequential changes in ADC ROI values in one rat after KCI application are shown in Fig. ' 2. The shaded areas represent the ranges of means ± 2 SD derived from ADC values in the same ROIs after saline application in the same animal. Definite declines of ADC values after the KCl stimulation were demonstrated on each trace. These ADC de clines normalized within 1 min, and subsequent ADC values remained within normal limits during the observation time. The mean value of the maxi mum decline of ADC values in each animal was calculated to be 0.45 ± 0.03 x 10-5 cm2/s. The mean propagating speed was calculated to be 3.4 ± 0.5 mm/min using these traces.
ADC changes in focally ischemic brain (Group 2)
In two animals, the initial ischemic lesions, 13 min after MCA occlusion, extended from the second to the eighth slice. In the other 10 animals, the initial ischemic lesion was localized mainly to the third, fourth, and fifth slices. In nine animals includ ing the two rats with large initial lesions, no definite spreading ADC declines were observed during the 8.5 min of every-30-s ADC mapping, i.e., from 13 to 21.5 min after MCA occlusion. However, three an imals showed transient spreading ADC declines outside of the initial ischemic lesion. These tran sient ADC declines were clearly localized in the cortex and propagated from the ischemic lesion to distal regions, as was observed in the KCI and nee dle stab experiments. However, they did not prop agate to either the subcortical structures including the hippocampus or the contralateral hemisphere. The maximum ADC decline observed in the distant regions was 0.42-0.45 x 10-5 cm2/s. Figure 3 shows ADC changes in slices 4-8 every 30 or 60 s from 15.5 to 19.5 min after MCA occlusion. At 15.5 min postocclusion, the ischemic lesion was observed only in the caudate-putamen and adjacent cortex. At 16.5 min postocclusion, a small region with de creased ADC values appeared in the parietal cortex (arrow), distinct from the likely evolving ischemic lesion. This separate region with decreased ADC values spread over the cortex, propagating posteri orly over the next 2 min (arrowhead), and then dis appeared by the 19.5-min time point.
The lesion volumes in the three rats with spread ing ADC decline 25 and 60 min after occlusion were 130.4 ± 49.6 and 169.0 ± 48.6 mm3 (mean ± SD), respectively. The lesion volumes in the other nine animals at same time points were 169.5 ± 41.2 and 195.0 ± 67.7 mm3, respectively. Although the mean values of lesion volumes in the latter group were larger than those of the former group at each time point, these differences were not significantly dif ferent. Postmortem examination revealed that the position of the intraluminal occluder correctly oc cluded the MCA orifice and no subarachnoid hem orrhage occurred. The corrected infarct volume de termined by TTC staining was 173.9 ± 32.7 and 204.4 ± 42.0 mm3 in the groups with and without observed spreading ADC decline. The difference between mean values of the infarct volume was also statistically not significant.
DISCUSSION
MRI of SD was first described by Gardner Medwin et al. in 1994 using a gradient echo MR technique. Although the gradient echo sequence is known to be sensitive to the paramagnetic suscep tibility effect of deoxyhemoglobin (Thulborn et al. 1982; Ogawa et aI., 1990) , the exact mechanism of the intensity changes observed in their experiment remains unclear. MR signal changes might have been caused by concomitant local changes in CBF and/or metabolism. Actually, SD is accompanied by dilatation of blood vessels, resulting in local brief increases in CBF, followed by a long-lasting (-1 h) reduction of blood flow associated with vasocon striction (Lauritzen, 1987) . The initial CBF increase may be up to 200-500% of baseline pre-SD levels (Maraovitch et aI., 1992) . Therefore, interpretation of the intensity change described by Gardner Medwin et ai. (1994) is difficult, especially in patho logic states such as ischemia. We demonstrated a ripple-like movement of a region with decreased ADC values using multi slice ADC mapping after cortical stimulation. The local ADC decline likely occurred because of the concomitant water move ment from the extra-to intracellular space (van Harreveld and Khattab, 1967; Hansen and Olsen, 1980) , which is essential to the process of SD, as well as membrane depolarization. This phenome non of spreading ADC decline was a highly repro ducible and stereotyped response, which occurred not only with chemical (KCl) stimulation but also with the mechanical (needle stab) stimulation. The response was localized to the cortex and the prop agation speed was -3.4 mm/min. These observa tions agree with electrophysiological studies dem onstrating that SD is restricted to the depth of the cortex (Monakhov et aI., 1962) and propagates at 2-5 mm/min (Marshall, 1959; Hansen and Zeuthen, 1981; Somjen et aI., 1992) and strongly imply that the ADC decline represents SD. In this study, echo planar diffusion-weighted imaging was utilized to obtain multislice ADC maps with 30-s time resolu tion. Standard electrophysiological monitoring dur ing this high-speed MRI decreases MR sigflal-to noise ratio, and the electrode placement on the skull causes local distortion of the image. Although we could not perform concomitant electrophysiological measurements because of these technical limita tions to absolutely confirm that the wave of ADC decline is representative of SD, it is highly likely that the two phenomena represent the same pro cess. The wave of ADC decline did not propagate either to subcortical regions including the hippo campus or to the contralateral hemisphere. These findings agree with the observations by the gradient echo MRI method that correlated the MR signal changes with standard DC potential measurement of SD (Gardner-Medwin et al., 1994) .
Brain ADC values change in relationship to tissue temperature. The rate of change was 0.013 x 10 -5 cm2/s decline per 1°C decline (Hasegawa et al., 1994b) . To explain all of the ADC changes we ob served, brain temperature would have had to rap idly drop by 8-IO°C. Moreover, cortical tempera ture reportedly increases by 0.5-O.8°C during SD (LaManna et al., 1987) , so it is unlikely temperature changes caused the ADC decline observed in these experiments.
SD or SD-like depolarizations occur in the ipsi lateral cortex after MCA occlusion in rats (Gill et al., 1992; Iijima et al., 1992; Nedergaard and Hansen, 1993; Bak et al., 1994; Dietrich et al., 1994) , as measured electrophysiologically. The fre quency varies with experimental conditions such as the method of the vascular occlusion, craniectomy, electrode insertion, anesthesia, brain temperature, blood glucose level, etc. Previous studies demon strated that 5-10 spontaneous depolarizations could be recorded during the first few hours after the oc clusion (Gill et al., 1992; Iijima et al., 1992; Neder gaard and Hansen, 1993; Back et al., 1994; Dietrich et al., 1994) . We observed transient ADC changes outside of the ischemic lesion in 3 of 12 animals with MCA occlusion (25%). This small percentage is not surprising because we monitored only for 8.5 min. These ADC changes were localized in the cortex. The maximum ADC decline was 0.42 x 10-5 cm2/s. These characteristics were similar to those elicited in the intact cortex in Group 1. These transient ADC changes are presumed not to be caused di rectly by CBF fluctuations for the following three reasons: (a) The cortex is rather well perfused by a leptomeningeal anastomosis (Nagasawa and Ko gure, 1989) . If transient CBF reductions caused these ADC changes, similar changes in subcortical structures should have occurred. (b) A previous study showed that ischemic regions with ADC val ues below 0.45 x 10 -5 cm2/s had progressively de creasing ADC values over time, using this perma nent MCA occlusion model in the rat (Dardzinski et al., 1993) . So, if ADC values dropped below this level because of a CBF reduction causing ischemia, recovery should not have occurred. (c) Such a rapid recovery of depressed ADC values did not occur with reperfusion in a prior experiment, only a more gradual improvement (Hasegawa et al., 1994a) .
The experiment with focal ischemia was not de signed to demonstrate the effect of the spreading ADC declines on the ultimate ischemic lesion size. Consequently, we did not observe any significant difference in lesion size and TTC infarct volume between the rats with and without this phenome non. However, that we observed spreading ADC declines in the ischemic rat brain is important, and future studies will be needed to explore if this phe nomenon affects ultimate infarct size.
There is a conflicting report that a transient cau date-putamen intensity change was observed in a diffusion-weighted image coincidentally with tran sient periinfarct depolarization in a rat with MCA occlusion (Gyngell et al., 1994) . The authors did not observe any cortical intensity change when the DC potential change was recorded. The discrepancy is probably due to the low time resolution of their method because the scan time was 10 min for a single acquisition. Subcortical transient intensity changes could not be from the SD-like depolariza tion itself, but a transient expansion of the ischemic lesion as a result of the depolarization. Recently, Reith et aL (1995) reported that such a transient increase of ischemic lesion with decreased ADC value was commonly seen in the early stage of isch emia in the rat suture MCA occlusion model. SD is a fully reversible process in the normal brain. However, it is an energy-consuming process (Shinohara et al., 1979; Gjedde et al., 1981) . Several experiments document the correlation between SD or SD-like electrophysiological changes and en hancement of the glucose utilization in the periph ery of ischemic lesions (Nedergaard and Astrup, 1986; Hasegawa et al., 1990) . Glutamate or agonists of the glutamate receptor elicit SD (Van Harreveld, 1959; Lauritzen et al., 1988) , and glutamate recep tor antagonists effectively inhibit SD (Goroleva et al., 1987; Lauritzen and Hansen, 1992; Nellgard and Wielock, 1992) . Brain temperature is one of the fac tors influencing the occurrence of SD (Marshall, 1959) . Recently, evidence has accumulated that the number of DC deflections correlates with ultimate infarct volume and that suppression of DC deflec tion by a glutamate antagonist of brain temperature modulation decreases infarct volume (Gill et al., 1992; Iijima et al., 1992; Chen et al., 1993) . These studies suggest that SD or SD-like depolarization' plays a major role in the extension of focal isch emia. However, it is likely that the human cortex is not as susceptible to SD as the rodent and cat (Mar-shall, 1959) . The role of SD in human stroke is still a matter of speculation. If the occurrence of SD-like changes is a phenomenon specific to experimental stroke, then the observations that SD may enhance ischemic lesions in models highly susceptible to SD should be cautiously interpreted. If SD also occurs in stroke patients, its relevance to clinical focal ischemia can be studied. New treatment strategies might then be developed. The MRI methodology used in the current experiments, which demon strated spreading ADC changes akin to SD, are ap plicable to human stroke. Multislice echo planar dif fusion-weighted imaging has been performed in stroke patients to evaluate early evidence of isch emic lesions (Warach et ai. , 1993) , and this tech nique could be applied to determine if spreading ADC waves suggestive of SD occur in humans. The relationship of these changes to the evolution of human stroke can then be explored.
